Introduction
Three southern highbush blueberry (Vaccinium corymbosum L. interspecific hybrids) cultivars ('Bluecrisp', 'Sweetcrisp', and 'Indigocrisp™') released by the University of Florida (UF) in 1997, 2005, and 2013, respectively, are considered to have a unique crisp texture [1, 2] . Many current selections in the UF blueberry breeding program are also considered to have a similar crisp phenotype, and other cultivars such as 'Reveille', 'Dolores', and 'Hortblue Poppins' have descriptions that indicate they would be classified as having crisp texture [1, 3, 4] . Berries with this crisp texture are of particular interest due to their enhanced eating quality, prolonged postharvest life, and potential value for mechanical harvesting for fresh marketed blueberries [5] [6] [7] [8] . Understanding the physiological basis of this trait would potentially aid in selection and improvement through breeding efforts.
Several fresh market fruit species having textures that range from soft to crisp have been identified, including apple, grape (Vitis vinifera L), peach (Prunus persica L.), and sweet cherry (Prunus avium L.) [9] [10] [11] [12] . When 'Honeycrisp' apple was compared to non-crisp apple cultivars, maintenance of crisp texture after storage was attributed to high turgor potential and cell wall integrity, but not correlated with cell wall neutral sugars [9] . In 'Big Top' nectarine, the firm, crisp texture at maturity that was similar to other stony hard cultivars was a result of delayed onset of ethylene production and not differences in endo-polygalacturonase expression [10] . When crisp and soft fruit of the same cherry cultivar were evaluated, polymerization of pectin side chains appeared to contribute to crisp texture [11] . In contrast, little is known about the physiological basis of crisp texture in blueberry.
The strength and thickness of cell walls have been considered to have the greatest overall impact on fruit firmness and texture [13, 14] , and the crisp phenotype in blueberries may be related to some aspect of cell wall thickness. Primary cell walls form a complex matrix of approximately 30-40% cellulose, 30% hemicellulose, 15-30% pectin, and 5-10% structural protein [15] . In blueberry, pectins comprise 30-35% of the total cell wall, but xylose exceeded glucose content enough to suggest the presence of xylans rather than xyloglucans as the principal hemicellulosic component [16] . Secondary cell walls typically have lignin and a higher proportion of cellulose, a lower proportion of pectin, and hemicelluloses that are more abundant in xylans and glucomannans which bind more tightly to cellulose [17, 18] . Highly lignified sclereid cells just beneath the epidermal cell layer have been identified in several blueberry cultivars [19] [20] [21] [22] . These sclereid cells may account for the increased levels of xylose observed by Vicente et al. [16] in the walls of ripening blueberry fruit, but have not been associated with crisp blueberry texture [22] .
Textural modifications during fruit softening consist mostly of changes to the mechanical strength of the cell wall and adhesion between cells at the middle lamella [13] . These changes are primarily the result of the enzyme-initiated solubilization and depolymerization of pectins and hemicelluloses [13] . Depolymerization of pectins is considered to be one of the most influential and yet variable factors involved in fruit softening of different species [15, 23] . For example, depolymerization of ionically bound cyclohexane diamine tetraacetic acid (CDTA)-soluble pectins is evident in avocado (Persea americana Mill.), but virtually absent in pepper (Capsicum annuum L.), banana (Musa spp.), and apple (Malus domestica Borkh.) [23] . Sodium carbonate soluble pectins are composed of ester-bound glycans, and are a primary component of the middle lamella where cell-to-cell adhesion is maintained [23] . Pectin solubilization has been related to swelling of the cell wall in several melting flesh fruits, but both pectin solubilization and cell wall swelling were diminished in the crisp fruits of apple, watermelon (Citrullus lanatus Thunb.), and pear (Pyrus communis L.) [24] . In blueberry, cell wall degradation is marked by pectin solubilization in the early and intermediate stages of ripening, and increased solubilization of arabinose from pectins and hemicelluloses in the later stages of ripening [16] . The depolymerization of hemicelluloses was detected in all ripening stages (green to ripe fruits), but Vicente et al. [16] did not find evidence of pectin depolymerization during fruit softening.
The objective of this study was to compare the BF, dry weight, total cell wall material, total pectins, and neutral sugars between crisp and standard texture blueberry genotypes.
Materials and methods

Plant material
Seven southern highbush blueberry genotypes having standard ('Springhigh', 'Star', Windsor') and crisp ('Sweetcrisp', FL06-561, FL06-562, and FL98-325) fruit texture were selected for use in this study. Selection of these genotypes was based on texture classification by a trained sensory panel to identify standard and crisp texture genotypes [1] .
Because not all genotypes were available at the same location, experiments followed an incomplete block design in which three replications were collected from seven genotypes at two field locations (out of five possible locations) for a total of six replicates per genotype. Location was used as a random effect in the statistical model. Cultivars and selections were hand harvested from three commercial field plots near Waldo, FL and Windsor, FL, and from two field plots at the University of Florida Plant Science Research and Education Unit near Citra, FL.
Each replication consisted of approximately 250 g of fruit. Fully ripe, unblemished berries were harvested in white plastic 4 L buckets, stored in coolers filled with ice, and transported on the same day to the blueberry breeding lab at the University of Florida in Gainesville, FL for BF analysis. After BF was measured for fresh fruit (see below for details), all berries were frozen in liquid nitrogen and stored at −80 • C for later biochemical analyses.
Instrumental analysis
Bioyield force was measured on a 25 berry subsample from each replicate. Individual berries were oriented equatorially upright [25] and punctured with a 4 mm probe using a TA.HD plus Texture Analyzer (Texture Technologies Corp., Scarsdale, New York). Bioyield force (N) was measured as the maximum force required to puncture a berry at a speed of 50 mm·min −1 .
Sample preparation
The remaining fruit after BF measurements (approximately 200 g) were peeled by hand and skin was removed from the flesh prior to measuring fresh weight and freeze drying with a Freezone 1 freeze drier (Labconco Corporation, Kansas City, MO). Dry weight was calculated from freeze dried samples and powders were obtained by grinding with a mortar and pestle.
Alcohol insoluble residue (AIR) isolation
Total cell wall material was isolated as the AIR. The isolation was performed using the procedure described by Vicente et al. [16] with the following changes. Approximately 30 mL of 95% ethanol was added to approximately 2 and 6 g of powder from berry skins and flesh respectively. Suspensions were boiled for 45 min to inactivate enzymes, centrifuged (17,000 g, for 20 min), and the insoluble residue was washed 3× with approximately 30 mL of 95% ethanol, followed by chloroform/methanol (1:1 v/v), and finally acetone. The weight of the AIR was recorded after drying overnight at 37 • C.
Uronic acid (UA) and neutral sugar (NS) measurement
Following the methods of Ahmed and Labavitch [26] , 2.5 mg of AIR was weighed into 16 × 100 mm disposable glass culture tubes and placed in ice on a shaker. Two mL of chilled 95% sulfuric acid was added to each tube by small increasing amounts over the course of 30 minutes.
The amounts of UA and neutral sugars NS were measured using microtiter plate methodology as described by van den Hoogen et al. [27] and Laurentin and Edwards [28] , respectively. For the measurement of UA, a 96 well microtiter plate (Costar, Corning, NY) was kept on ice, and each well was filled with 40 L of sample and 200 L of 95% sulfuric acid containing 120 mM sodium tetraborate that had been mixed overnight using a stir bar and plate. Each plate contained 24 samples, a blank, and seven standards of galacturonic acid (0.5, 1, 1.5, 2, 4, 6, and 8 g) in triplicate. The plate was covered with an adhesive plate sealer and placed in a water bath for one hour at 85 • C. The plate was cooled and centrifuged at low speed for 30 s. Background absorbance was measured at 520 nm using a Synergy HT microplate reader and Gen5 microplate software for Windows (BioTek, Winooski, VT). The reaction was initiated with 40 L of m-hydroxydiphenyl solution (100 L of 100 mg·mL −1 m-hydroxydiphenyl in dimethyl sulfoxide stored away from light at 4 • C was mixed with 4.9 mL 80% sulfuric acid just prior to use). The plate was covered again, with adhesive plate sealer, inverted several times to mix the sample, and centrifuged at low speed for 30 s. Absorbance was measured after 10 min at 520 nm.
For the measurement of NS, 40 L of sample was added to each well of a 96 well microtiter plate with removable 1 × 8 strip assemblies (Immulon 4 HBX, Milford, MA) while on ice. Each plate contained 24 samples, a blank, and seven glucose standards (0.5, 1, 1.5, 2, 4, 7, and 10 g) in triplicate. The reaction was initiated with 100 L anthrone solution (2 g·L −1 anthrone in 95% sulfuric acid), the plate was covered with plate sealer, and mixed gently using a vortex. The wells were removed from the plate and suspended in a water bath at 92 • C for 3 min., and then cooled in a water bath at room temperature for 5 min. The plate was centrifuged for 30 s at low speed and after 20 min from when the anthrone solution was added, the absorbance was read at 630 nm. The amount of UA and NS (g·mg −1 AIR) of each sample was calculated from the absorbance readings of standards used to form a calibration curve.
Statistical analysis
ANOVA was performed using the GLIMMIX procedure and Kenward-Roger method (SAS 9.2) with genotype as a fixed effect and location as a random effect. Tukey's HSD (honestly significant difference) test was used to determine significant differences (P ≤ 0.05) among genotypes and treatments.
Results and discussion
The BF of 'Sweetcrisp' (4.89 N) was significantly greater than all other genotypes (Fig. 1) . The BF of the three standard texture genotypes ('Springhigh', 'Star', 'Windsor') were not significantly different from each other, and were less than all four crisp genotypes ('Sweetcrisp', FL06-561, FL06-562, and FL98-325). These results are consistent with those from Blaker et al. [1] , where BF of several crisp and standard texture genotypes were highly correlated with sensory evaluations of texture by a trained panel.
Dry weight, AIR, UA, and NS content were measured in the separated flesh and skin tissues of each genotype, and compared between crisp and standard texture genotypes ( Table 1 ). The dry weight of flesh tissue ranged from 12.8 to 17.1% fresh weight (FW) and from 20.9 to 26.8% FW for skin tissue (Table 1 ). Flesh dry weight of 'Sweetcrisp' was greater than other genotypes and supported the expectation that crisp fruit would have more dry matter accounting for their increased firmness. However, the flesh dry weight of crisp genotypes FL06-561 and FL06-562 were the same or significantly less than those of standard texture genotypes (Table 1 ). A similar pattern was observed for skin dry weight, with the crisp texture genotype FL06-562 having the greatest skin dry weight. However, the standard texture genotypes 'Windsor' and 'Springhigh' were not significantly different from FL06-562.
AIR was expressed in milligrams per 100 mg FW and ranged from 1.10 to 1.56 mg·100 mg −1 in the flesh of ripe fruit and from 5.87 to 9.61 mg·100 mg −1 in the skins of ripe fruit ( Table 1 ). The amount of AIR in whole blueberry fruit from the northern highbush cultivar 'Duke' was measured by Vicente et al. [16] to be approximately 3 to 4 mg·100 mg −1 and is therefore considered to be consistent with the AIR values we obtained from flesh and skin tissue separately. In the present study, genotypes differed in the Fig. 1 . Bioyield force measurements (N) of four crisp (denoted by *) and three standard texture southern highbush blueberry genotypes. Bioyield measurements were made immediately after harvest using fresh, mature blue fruit. Error bars indicate standard deviation of six replicates per genotype. Different letters above graph bars indicate significant differences (P < 0.05) among genotypes as determined by Tukey's HSD test. Table 1 Dry weight (DW; % fresh weight), alcohol insoluble residue (AIR; mg·100 mg −1 ), uronic acids (UA; g·mg −1 ), and neutral sugars (NS; g·mg −1 ) of flesh and skin tissue from crisp (denoted by * ) and standard texture southern highbush blueberry genotypes. Least squares means and standard deviation are based on six replicates per genotype. Fruit were harvested at the mature blue stage of fruit development, and skin and flesh tissues were separated prior to analyses amount of AIR measured from only flesh tissue, suggesting that genotypes vary in their amount of cell wall material. However, differences among genotypes were unrelated to the textural categories of standard and crisp (Table 1) . Uronic acids (UA) and neutral sugars (NS) were measured as micrograms per milligram of AIR. UA, representing the primary pectin constituents in the cell wall, ranged from 187 to 251 g·mg −1 in the flesh of ripe fruit and from 228 to 286 g·mg −1 in the skins of ripe fruit. These values were lower than those obtained from the measure of UA in whole blueberry fruits from the cultivar 'Duke', which ranged from 311 to 344 g·mg −1 AIR [16] . Color production by uronic acids is reduced in the presence of interfering neutral sugars, and despite efforts to minimize interference by reducing the reaction temperature and measuring background absorbance, browning from neutral sugars may have interfered with UA absorbance readings [27] . NS ranged from 464 to 620 g·mg −1 in the flesh of ripe fruits and from 395 to 488 g·mg −1 in the skins of ripe fruit. These values are consistent with those measured by Vicente et al. [16] in the blueberry cultivar 'Duke'. There was no significant difference among genotypes in the measurement of UA or NS.
To further pursue an explanation of these differences, the AIR could be separated into fractions based on the solubility of cell wall components in which polymer sizes are measured and specific neutral sugars are identified [23] . Further in depth studies could also be pursued with the use of monoclonal antibodies which bind specific cell wall polymers that may help identify structural differences between crisp and standard texture berries [29] . Atomic force microscopy was used to image hemicelluloses in Chinese cherry (Prunus pseudocerasus L.), and revealed that the branching pattern of hemicellulose in crisp fruit was oriented in the same direction, but was more irregular in soft fruits. Length of branch chain was unrelated to texture type, but crisp varieties had wider branches and a higher frequency of wide branched chains [30] . Crisp texture in blueberry may also be a result of structural variations in the substitution and branching patterns of the pectic and hemicellulosic components.
Together, these results confirm that there is a phenotypic difference between crisp and standard texture blueberry genotypes that can be detected with BF measurements, but that gross quantitative measures of total cell wall material, pectins, and neutral sugars are not descriptive enough to detect the physiological basis of these differences.
